Graphene oxide (GO) membranes have shown excellent selectivities in nanofiltration and pervaporation. However, the water transport mechanisms in the unique membrane laminar structure are still not well understood, especially in pervaporation which involves selective permeation and evaporation. Herein, water transport in GO membranes was tested under two different modes: pressure-driven permeation and pervaporation. The pure water flux was found to be 1-2 orders of magnitude higher in pervaporation due to the large capillary pressure induced by evaporation. The water flux in pervaporation was suggested to be limited by evaporation at room temperature but surface diffusion at high temperature.
Graphene oxide (GO) membranes can be fabricated by assembling two-dimensional GO flakes layer-by-layer on top of each other. The membranes form a uniform laminar structure with a well-defined interlayer space, 1-3 and they have been studied extensively for applications such as nanofiltration and pervaporation. GO membranes showed excellent selectivities in rejecting small molecules and multivalent ions in pressure-driven nanofiltration, [4] [5] [6] [7] and also in dewatering of organic solvents such as alcohol and dimethyl carbonate in pervaporation. [8] [9] [10] Though the interlayer space of the GO membranes has endowed the membranes with excellent molecular sieving properties, 11 the separation mechanisms in these two applications were found to be different. The rejection of small molecules in nanofiltration was mainly through size exclusion, 7, 12 while the separation of water from organic solvents in pervaporation, which involved selective permeation and evaporation steps in series, was predominantly due to the preferential adsorption of water in GO membranes. 10 Solution-diffusion or adsorption-diffusion models have been adopted by many to explain the good performance of GO membranes in pervaporation. 10, 13, 14 In these models, the permeability coefficient of the individual liquid is the product of the sorption coefficient and the diffusivity. GO membranes were found to have a high water adsorption capacity and this was shown by Huang et al. via a direct measurement of water adsorption using the quartz crystal microbalance technique. 10 In a recent study by Cho et al., GO membranes showed a 40% weight increase in humid air, and a 120% weight increase when immersed in water. 15 The preferential water adsorption was due to the large amount of hydrophilic functional groups in GO membranes and the low water condensation partial pressure resulted due to the fine laminar structure. Some researchers believe that water molecules have a much higher permeation rate in GO membranes compared to other solvents because of the selective adsorption, which subsequently leads to effective water separation from a water-solvent mixture. 10, 13 However, while the preferential adsorption of water was repeatedly confirmed, the diffusion of water in GO membranes was not much discussed in the adsorption-diffusion model. In the adsorption-diffusion or solution-diffusion models, a phase transition has to occur at the feed-side membrane surface so that water will turn from a continuous bulk liquid phase to individual molecules or clusters. 16 An apparent difficulty for the adsorptiondiffusion model to explain the pervaporation performance in GO membranes is that molecular diffusion is unlikely to be fast in the long and tortuous transport path in GO membranes, 17 which is opposite to the high water flux observed in experimental results.
To explain the high water flux observed, the fast transport hypothesis proposed by Nair et al. has often been adopted by researchers to explain the transport mechanism in the interlayer space. 13, 18, 19 In the hypothesis, water was proposed to pass through the graphitic domains in GO membranes in a lowfriction flow due to the hydrophobic pore walls. However, the hypothesis suggested that water molecules condensed and permeated through the interlayer space in a bulk phase with one to three layers of water. If this hypothesis is adopted, the adsorption-diffusion model will no longer be suitable, as the transport of water in the interlayer space will follow a pore flow model instead. Different from the solution-diffusion or adsorptiondiffusion models, the driving force for water permeation in the pore flow model is not the concentration gradient but the pressure difference in the membranes. 16 Therefore, two important questions are raised if the pore flow model is applied to explain the transport mechanism in pervaporation: (i) what is the origin of the pressure difference in the nanochannels that leads to a high water flux; (ii) where and how does the liquid phase water in the nanochannels turn to the vapour phase?
To answer the first question, the pure water flux of GO membranes was tested in this study using two different modes: pressure-driven permeation and pervaporation. The comparison made between the two modes enabled us to define the difference in driving forces in these modes, and to identify the origins of the driving force particularly in pervaporation. For the second question, we compared the pure water flux of GO membranes under the pervaporation mode to the evaporation rate of free water. By doing so, the effective evaporating area of GO membranes could be assessed, which allowed us to understand the possible steps involved in evaporation. The use of pure water rather than solvent-water mixtures in this study simplified the analysis so that we could focus on the transport steps on the permeate side, without complications on the feed side. The experimental results suggested that the driving force for water permeation through GO membranes was much larger in pervaporation due to the high capillary pressure maintained by evaporation, and the rate-determining step should be the mass transfer steps on the permeate side surface.
In this study, flat-sheet GO membranes were prepared on polyethersulfone (PES) substrates by using a filtration method. After drying at room temperature for at least 24 hours, the GO membranes were sealed in a dead-end filtration cell for permeation tests. A detailed description of the synthesis and testing methods can be found in the ESI. † First, the membranes were tested with pure water for pressure-driven permeation. A transmembrane pressure of 6 bar was applied for at least 24 hours to ensure that the membranes were compacted and a steady-state permeance was obtained. 20 Then, the same wet membrane samples were used for the pervaporation test. This was to ensure the same membrane structure and transport passages for both pressure-driven permeation and pervaporation tests, and thus the fairness of the comparison. A vacuum system was connected on the permeate side of the membranes during pervaporation, and the water vapour permeated was condensed using a liquid nitrogen cold trap. The experimental set-up is shown in the ESI. † Fig. 1(a-c) show the photo of a GO membrane and the SEM images of the surface and the cross-section of the GO membrane on a PES substrate. The GO membrane had a smooth shiny coating on the PES substrate and some wrinkles were observed on the membrane surface under the SEM. The thickness of the GO membrane was about 350 nm and the GO layer was located nicely on the PES substrate. Fig. 1d shows the water permeance of the GO membranes in the pressure-driven permeation test. The membrane showed a permeance of about 1.5 L m À2 h À1 bar À1 (LMH bar À1 ) in the beginning of the permeation test. However, the permeance dropped significantly over time and reached a steady state permeance of 0.05 LMH bar À1 . As reported in our previous study, the high water permeance in the beginning of the permeation tests could be due to the loosely packed microstructure. 20 Because of the membrane formation mechanism, a hierarchical structure was normally obtained by the current GO membrane synthesis methods. 21 The imperfect stacking of GO flakes created extra large transport channels for water to pass through the membranes in the beginning of the permeation test. However, the loosely packed microstructure was compacted under pressure during the permeation test, and the extra transport channels were reduced over time, leading to a lower permeation flux. GO membranes showed a low steady state water permeance eventually due to the long transport path in the membranes, as a result of the high aspect ratio of the GO flakes. Fig. 2 shows the pure water permeance of GO membranes under both pressure-driven and pervaporation conditions. GO membranes showed a very low steady-state permeance, 0.05 LMH bar À1 , when tested under the pressure-driven mode. However, when tested under the pervaporation mode at room temperature (RT), the pure water flux of GO membranes was 1.62 LMH, with an apparent pressure difference of 1 bar. The flux was about 30 times higher than the permeance when tested under pressure-driven permeation. When vacuum is applied on the permeate side in pervaporation, water on the permeate side surface is evaporated quickly due to a low vapour partial pressure. Whenever the evaporation is faster than the permeation of liquid water, the liquid-vapour interface may move and locate at the entrance or even inside the nanochannels in the GO membrane. When the interface reaches the nanochannels, a large capillary pressure is generated as a result of the extremely small pore size, and will drag water from the feed side to the permeate side swiftly. Our estimation shows that the capillary pressure in GO membranes could be as large as 1440 bar (see ESI † for the calculation), a similar estimation was also reported by Nair et al. 18 However, the capillary pressure does not exist under the pressure-driven permeation mode as there is no phase change on the permeate side. Fig. 3 illustrates the water transport in the interlayer space of GO membranes where the real tortuous transport path is simplified to a long nanochannel.
As illustrated in Fig. 3(a) , a liquid-vapour interface does not form in the interlayer space as the water permeated through the membrane is still in the liquid form. In this case, the water permeation only relies on the hydraulic pressure applied (6 bar in this study), which is much smaller than the capillary pressure. Fig. 3(b) illustrates the water transport in the interlayer space of GO membranes during pure water pervaporation. Water enters the nanochannels due to the hydrophilic nature of the membranes, and then permeates through the interlayer space driven by the capillary pressure generated by the meniscus on the other side. The permeation flux in the interlayer space before the evaporating meniscus (Q 1 ) is proportional to the capillary pressure (P c ) but inversely proportional to the passage length (L 1 ):
At the evaporating interface, water molecules evaporate and diffuse through the interlayer space if the interface is in the membrane. The vapour pressure at the interface could be assumed to be the saturated pressure and the permeation rate (Q 2 ) could be determined by the diffusivity of water in the interlayer space (D), the difference between the vapour pressure at the meniscus (P I ) and the vacuum pressure (P V ), and the passage length of the water vapour L 2 :
In a steady state, Q 1 = Q 2 , and the position of the evaporating meniscus moves to attain the steady state permeation flux, which will then determine the L 1 and L 2 . Since the transport of the condensed water through L 1 is much faster due to the high capillary pressure, it is reasonable to predict that the evaporating meniscus would be close to the membrane downstream surface. In that case, the evaporation steps determine the overall water flux. To verify this, we carried out a simple experiment to measure the evaporation rate of a free water surface in vacuum at room temperature. A cylindrical glass bottle half filled with water was connected to a vacuum system and the evaporation rate of water was determined from the change in the mass of the bottle. The water evaporation rate at room temperature was found to be 1.57 LMH (Fig. 2) , which was essentially the same as the pure water flux of GO membranes in pervaporation. Similar results have also been reported by Nair et al., where the water vapour permeation rate through GO membranes was close to the evaporation rate of a free water surface with the same area. 18 However, the experimental results from pervaporation would be difficult to explain if the water transport only followed the model illustrated in Fig. 3 (b)(i). As the surface porosity of GO membranes was very low (o0.1%), 18 the water evaporation would be very slow if water evaporated only via the liquid-vapour interface in the nanochannels.
To match the experimental results, the evaporation area in pervaporation has to be extended to the whole membrane surface rather than staying inside the pores. Such extension of the evaporation area can be realised due to the high surface hydrophilicity of GO membranes, where water can spread on Fig. 2 Pure water flux of GO membranes tested using pressure-driven permeation (L m À2 h À1 bar À1 ) and pervaporation at room temperature (RT) and at 70 1C. the surface and turn into adsorbed molecules. The adsorbed water molecules can migrate to the whole permeate side membrane surface via surface diffusion before desorption, as schematically shown in Fig. 3(b) (ii). Such full coverage by surface diffusion is very likely since the required diffusion distance from the exits of the nanochannels to the centre of each GO flake is only a few micrometres, which can be easily covered if the desorption is relatively slow. Since water molecules on the GO surface are bonded by hydrogen bonds, 22 their desorption from the membrane surface would have a similar energy requirement to evaporation from bulk water, which is also to break the hydrogen bond. Therefore, the water flux through GO membranes in pervaporation has a similar value to that in free evaporation.
To further study the effect of the evaporation rate on the water flux of GO membranes, the pervaporation test was also carried out at 70 1C. The pure water flux increased to about 8.57 LMH (Fig. 2) , which was 5.3 times higher than the flux at room temperature. However, the evaporation rate of the free water surface increased to 13.8 LMH at 70 1C, which was 8 to 9 times higher than that at room temperature. The different rates between pervaporation and free evaporation indicated the change in the rate-determining step at higher temperatures. It is known that surface diffusion of small molecules like water normally has a very low activation energy (o20 kJ mol À1 ), 23, 24 while the activation energy for desorption could be higher (the latent heat of vaporization of water is higher than 40 kJ mol À1 between room temperature and 70 1C). 25, 26 When the temperature increases, the rate of desorption increases more than that of surface diffusion. Consequently, the centre of the GO flakes will not be covered by water molecules as they leave the surface before reaching the centre. This leads to the reduction of the effective evaporation area and hence the water flux of pervaporation will be lower than in free evaporation. Besides the competition between surface diffusion and desorption, another possible reason for the lower water flux could be the relatively slow permeation in the nanochannels compared to the much enhanced evaporation rate at high temperature. However this is not very likely considering the huge capillary pressure that could be generated in the nanochannels (41000 bar).
In conclusion, GO membranes showed a much higher pure water flux in pervaporation compared to pressure-driven permeation due to the difference in driving forces. A two-step pore flow-evaporation model has been proposed to understand the high water flux in pervaporation. Water permeated through GO membranes at a high speed due to the high capillary pressure in the membranes. However, the overall water flux was limited by the evaporation rate at room temperature, but by surface diffusion on the permeate side membrane surface at high temperature. The performance of GO membranes in pervaporation can be further enhanced by increasing the effective surface area or by surface modification to improve the surface diffusion on the permeate side surface.
